Editor's key points † In this systematic review, the authors demonstrate the expansive evidence base for simulation training in anaesthesia. † The heterogeneity of the studies considered and the occasional lack of suitable control groups potentially weakens the findings, but consideration of this limitation has been included in the authors' analysis. † The evidence base indicates that simulation training is at least as good as non-simulator training, and is certainly better than no intervention.
synthesis. One review focused on developing a taxonomy for all available simulators, 12 and another presented a historical overview without discussing effectiveness across learning outcomes. 1 More recently, two narrative reviews offered comprehensive summaries of anaesthesiology simulation-based training but lacked quantitative evaluation of the evidence. 13 14 Hence, a comprehensive systematic review and meta-analysis in combination with a focused critical narrative analysis of the evidence for simulation-based training would help stakeholders (e.g. educators, researchers, and simulation centre staff) understand which educational designs show promise and also what research is needed to further optimize simulation-based training in anaesthesiology.
Methods
We planned, conducted, and report this review according to PRISMA standards of quality for meta-analyses. 15 This systematic review and meta-analysis specific to anaesthesiology is a planned in-depth analysis of studies included in previously published reviews of simulation-based training, wherein more detailed methods have been published. 8 9 11 Questions
We planned to explore the following questions: (i) How does simulation-based training compare with no intervention (i.e. control groups) and with non-simulation instructional approaches (e.g. lecture or small group discussions) in anaesthesiology training? And (ii) what can we learn from comparisons between two different simulation interventions about effective instructional design features for anaesthesiology simulation-based training?
Study eligibility
We studied technology-enhanced simulation, which we define as any 'tool with which the learner can physically interact in order to mimic a clinical scenario for purposes of training and/or assessment'. 8 This definition includes computer-based virtual reality simulators, mannikins, animal specimens, and cadavers. We included 'studies published in any language investigating technology-enhanced simulation to teach health professionals at any stage of training or practice' 8 about intraoperative anaesthesia, perioperative anaesthesia, or nerve blockade. Study designs could be single-group pre-post-test, two-group non-randomized, or randomized controlled trials (RCTs). We excluded studies that focused exclusively on airway management skills and cricoid pressure, which are topics of separate focused reviews, 16 17 but we did include studies in which airway management was a component of a broader investigation of anaesthesiology instruction (e.g. study of start-to-finish induction that included some aspects of airway management).
Study identification and selection
With assistance from an experienced reference librarian, we searched MEDLINE, EMBASE, CINAHL, PsycINFO, ERIC, Web of Science, and SCOPUS from the creation of those databases through to May 2011. Briefly, our search strategy utilized terms for the intervention (e.g. simulat*), topic (e.g. anaesth*), and learner population (e.g. 'students, health occupations'). The full search strategy has been published elsewhere. 8 Working independently and in duplicate, the authors selected articles through focused review of abstracts and full articles. 8 9 11 We resolved all conflicts via consensus.
Data extraction
Two reviewers working independently abstracted information on study design, group allocation, comparisons, and participants; all conflicts were resolved via consensus. We also coded instructional design features such as repetition, debriefing, and cognitive interactivity (i.e. training that promotes learners' engagement). 11 We classified anaesthesiology simulation subtopics according to the following categories (studies that included more than one subtopic were coded for all that applied): † general anaesthesia: learning about monitored anaesthesia care and sedation; † regional anaesthesia: learning about neuraxial or peripheral nerve blockade; † perioperative medicine: learning about fibreoptic bronchoscopy, bronchoalveolar lavage, transoesophageal echocardiography, or perioperative medical evaluation for patient optimization outside an operating theatre; † rare events: learning about anaesthesia care during a rare clinical event, including but not limited to management of cardiopulmonary decompensation (e.g. advanced cardiac life support), shock, malignant hyperthermia, local anaesthetic toxicity, and pneumothorax; † crisis resource management (CRM): studies that address CRM training, with emphasis on non-technical skills.
We evaluated study quality using the Medical Education Research Study Quality Instrument (MERSQI) 18 and an adapted Newcastle-Ottawa Scale (NOS). 19 20 Finally, we categorized study outcomes as satisfaction, knowledge, time (time to complete the given task in either the simulation or clinical context), skill (performance in the simulation context), behaviour (performance in the clinical context), and direct effects on patients (such as rate of procedural success).
Data synthesis
We classified studies into three categories, namely comparison with: (i) no intervention (i.e. control groups), (ii) non-simulation instructional approaches (e.g. lecture or small group discussions), and (iii) an alternative simulation intervention. For each comparison, we calculated a 'standardized mean difference' using Hedges' g effect size (ES) using methods detailed previously. 8 We used random effects meta-analysis to pool ESs. For the no intervention and non-simulation instruction comparisons, we conducted subgroup analyses pooling the effects for all groups with ≥6 studies, grouping studies according to the anaesthesiology subtopic, instructional design (presence of high cognitive interactivity, feedback, and number of repetitions), and study design (randomization and blinding of evaluators). We conducted sensitivity analyses by excluding studies with imprecise ES estimations. If any study did not report sufficient data to calculate the ES, we requested additional information from the authors. We reviewed the studies comparing two simulation interventions to inductively identify recurring research themes, and performed meta-analysis for each theme. For this thematic analysis, we used previously identified key simulation design features as a starting point. 10 We calculated between-study inconsistency (heterogeneity) using the I 2 statistic, which represents the percentage of variability not due to chance alone. 21 To explore potential explanations for notable convergent and divergent findings in our meta-analyses, we conducted a critical narrative analysis of some individual studies. Specifically, we sought patterns in the intervention delivery, learners, and educational context.
Results

Trial flow
Our search yielded 10 903 articles from which we identified 985 comparative studies of simulation-based training. From these, we found 77 studies evaluating simulation-based training in anaesthesiology (Fig. 1) , enrolling a total of 6066 trainees. Five articles were published in a non-English language: one Japanese, one Chinese, one German, and two Spanish. on subtopics of general anaesthesia (35 studies), regional anaesthesia (four studies), perioperative care (37 studies), rare events (37 studies), and CRM (36 studies). Additional anaesthesiology topics representing just one to two studies each included paediatrics, pain, obstetrics, critical care, trauma, line insertion, cardiovascular anaesthesia, and veterinary medicine.
Study characteristics
Most outcomes reported in these studies reflect performance assessments in training settings, including 50 skill outcome measures (e.g. global ratings of performance), 21 knowledge measures, 16 time measures, and six reaction measures. Outcomes measured in the clinical setting included behaviours (10 studies) and patient effects (four studies).
Study quality
Study quality data are summarized in Table 2 . The number of enrolled participants ranged from 2 to 836 with a median of 38 (inter-quartile range 22 -74). Nearly half (33 studies) were RCTs. Fourteen studies involved trainees from more than one institution. Eighteen studies reported data on fewer than 75% of enrolled participants and did not describe those lost to follow-up. At least one outcome was determined objectively in 67 studies, but only 44 studies blinded the outcome assessor to learners' group allocation. The mean (SD) NOS (maximum 6 points) and MERSQI (maximum 18 points) study quality scores were 2.8 (1.6) and 12.1 (2.1), respectively.
Comparison with no intervention
Compared with no intervention, simulation-based anaesthesiology training was associated with large, statistically significant positive effects for most outcomes (Fig. 2 ). In total, 52 studies (4483 trainees) reported 66 discrete outcome measures. Thirty-four studies (2484 trainees) assessed skills, with a pooled ES of 1.05 (positive values favouring simulation). 23 -56 While the pooled effect is large, the ES for individual studies varied from 20. For all outcomes except patient effects, the pooled ES was moderate or large, statistically significant, and favoured simulation training (Fig. 2) . Inconsistency was large for all analyses (I 2 .70%). We explored this inconsistency using subgroup analyses for each outcome with greater than six studies and did not discover significant interactions between simulation training and study design characteristics or instructional design features (P interaction .0.24, data shown only for skills; Fig. 3 ). Moderate to large effects were found for skills in each anaesthesiology subtopic (e.g. general anaesthesia).
Comparison with non-simulation instruction
Eleven studies (581 trainees) compared simulation-based training against non-simulation instructional modalities including computer-based instruction, small group discussion (e.g. problem-based learning), one-on-one instructional sessions, assigned readings, and instructional videos (Appendix Table A1 ). Compared with these interventions, simulation-based training was associated with small to large positive effects for Inconsistency was large for all analyses (I 2 .70%). Six studies assessed outcomes on the simulator, which might favour the simulator-trained group. 74 -78 82 Subgroup analyses of studies reporting skill outcomes examined the relative amount of three instructional design features present in the two interventions (i.e. more, less, or equal amounts of cognitive interactivity, feedback, or repetition in the simulation arm compared with non-simulation). We found no statistically significant interaction between training modality and instructional design (P interaction .0. 44 
Comparison of alternative simulation-based training interventions
We identified 17 studies (1079 trainees) comparing alternative simulation-based training interventions. Three themes emerged from our analysis: simulation modality, added nontechnical skills training, and information sources during debriefing.
Simulation modality
Overall, we identified five studies that compared the efficacy of different simulation modalities. We quantitatively pooled the 6) ; median (range) was 3 (0-6). ‡ Comparability of cohorts criterion A was present if the study (i) was randomized, or (ii) controlled for a baseline learning outcome; criterion B was present if (i) a randomized study concealed allocation, or (ii) an observational study controlled for another baseline trainee characteristic .2 (1.5) 11 (14) Sampling: follow-up (maximum 1.5) ,50% or not reported (0.5) 15 (19) 50 -74% (1) 3 (4) ≥75% (1.5) 59 (77) Type of data: outcome assessment (maximum 3) Subjective (1) 10 (13) Objective (3) 67 (87) Validity evidence (maximum 3) Content (1) 31 (40) Internal structure (1) 24 (31) Relations to other variables (1) 9 (12) Data analysis: appropriate (maximum 1) Appropriate (1) 65 (84) Data analysis: sophistication (maximum 2)
Descriptive (1) 6 (8) Beyond descriptive analysis (2) 71 (92) Highest outcome type (maximum 3) Knowledge, skills (1.5) 68 (88) Behaviours (2) 5 (7) Patient/healthcare outcomes (3) 4 (5) Standardized mean difference (95% CI) results of two studies (three outcomes) comparing a nonanatomically correct box-trainer ('choose the hole' wooden trainer) against anatomically correct simulators (e.g. mannikin or virtual reality). 83 84 These studies (68 trainees) showed a small effect for skill outcomes (pooled ES 0.28, favouring anatomically correct simulators), and negligible effects for time outcomes (pooled ES 0.18) and patient effects (ES 0) (Fig. 5A) . When considered separately, these two studies report divergent results: one showing a benefit of the 'choose the hole' trainer, 83 and the other showing a benefit of the comparator group. 83 84 Possible explanations for this discrepancy include differences in the study population, intensity of training, and outcome assessment. Chandra and colleagues 83 (study favouring 'choose the hole') included a homogeneous population of respiratory therapists, while Martin and colleagues 84 included a heterogeneous population of anaesthesiologists, anaesthesiology residents, and respiratory therapists. Further, Chandra and colleagues 83 used a brief 1 h self-directed curriculum and assessed performance on live anaesthetized patients, while Martin and colleagues 84 used group learning (up to six participants) over a 2 week training period and assessed performance on other study participants. Two other studies compared realistic tissues (deer head and banana) with synthetic simulated tissues. 85 86 We did not use meta-analysis to pool results due to differences in the interventions and outcomes; however, in both studies, the outcomes favoured realistic tissue with a statistically significant ES of moderate magnitude. The study comparing a deer head model against a mannikin (140 trainees) favoured the realistic model for time and satisfaction outcomes (ES 0.47 for both). Similarly, the study comparing a banana model against an epidural simulator (24 trainees) favoured the realistic model for behaviour outcomes (ES 0.64).
A fifth study reported a statistically significant, moderate ES favouring a simulator that allowed trainees to use multiple senses (i.e. haptics and vision) compared with one that permitted only haptic sensation when assessing skills outcomes (ES 0.62). 87 Added non-technical skills training Four studies (five outcomes) evaluated interventions with nontechnical skills training (e.g. incorporating live interactive actors or including broad 'human factors' training) added to 'routine' simulation-based training, in comparison with the 'routine' training alone (e.g. focus on medical management only). 88 -91 Three studies (105 trainees) showed a negligible effect for skills outcomes (pooled ES 0.14, positive values favouring added non-technical skills training), 88 90 91 and another study (225 trainees) showed a negligible effect for knowledge (ES 0.15) 89 (Fig. 5B) . Finally, one study (34 trainees) showed a large and statistically significant effect for satisfaction (ES 0.97). Standardized mean difference (95% CI) Possible explanations for the lack of benefit include the nontechnical skills outcome measure and the intensity of training. First, three studies 88 90 91 measured non-technical skills using assessment tools including sub-domains (e.g. assertiveness) that varied between studies, which may have contributed to the inconsistent effect. Secondly, only the intensive psychological briefings, 88 which lasted for 'several hours', resulted in a significant improvement compared with the other forms of training that were brief in nature.
Information sources during debriefing
Debriefing emerged as another theme, with researchers comparing debriefing sessions with multiple information sources (e.g. video and instructor) with sessions with single sources (e.g. video or instructor alone). Three studies contributed four outcomes 92 -94 and collectively showed little difference (Fig. 5c ). Specifically, all three studies (90 trainees) assessed skills (pooled ES 20.07; positive numbers favouring multiple debriefing sources), 92 -94 and one of these studies (32 trainees)
also assessed time (ES 0.09); 92 both analyses showed negligible and non-significant effects. Inconsistency was small for studies assessing skill outcomes (I 2 ,7%).
Potential explanations for the lack of effect when using multiple information sources include that the benefits of video may be better shown with experienced physicians as learners, 92 and that the social evaluation associated with video review may limit its benefit. 93 In line with the small inconsistency between studies, we found high homogeneity in study design including similar study populations (i.e. anaesthesia residents) and clinical tasks (i.e. managing critical events using mannikinbased simulators). Moreover, all debriefing sessions were consistently held at the end of a scenario, during which the instructors' discussion was supplemented with videotapes of residents' performance.
Miscellaneous studies
Several studies were not sufficiently related to permit meta-analysis; consequently, we report them narratively. A single study focused on teacher qualifications and showed similar learning outcomes when comparing attending physicians vs house staff as teachers (ES 20.01). 95 A cluster of four studies showed performance of anaesthesia clinical skills improved when interventions enhanced trainees' engagement by: extending training (allowing them to practice for 2 h compared with 1 h, ES 1.76), 53 ensuring training specificity (teaching a specific anaesthesia case which would later be tested, rather than 'sham teaching' of an unrelated case, ES 1.01), 96 placing trainees in an active role (being in the 'hot seat', rather than a passive observer, ES 0.45), 97 and directing their attention to and helping them prioritize relevant information (implementing 'part-task' and 'variable priority' training, rather than traditional training, ES 0.35). 98 
Discussion
Our review identifies 77 studies of anaesthesiology simulationbased training and provides a detailed quantitative and critical narrative analysis of the evidence generated over the past 40+ years. When compared with no intervention (n¼52 studies), simulation-based training was associated with a statistically significant, moderate to large pooled ES for all outcomes except patient effects. Similarly, simulation-based training compared favourably with non-simulation instruction (n¼11), with small effects for satisfaction, knowledge, and skills, and large effects for behaviours. A small and statistically non-significant effect favoured simulation in the single study that measured patient effects. Collectively, these results for anaesthesiology research confirm our previous work showing the same benefits for simulation-based training compared with no intervention and with non-simulation instruction, 8 9 and also that very few studies assess patient outcomes. 99 Studies comparing two or more simulation interventions (n¼17) provided insights into the evidence-based design of training. First, our analysis suggested anatomically correct simulators do not always add value to education and that trainees are satisfied with and learn well from simulators consisting of realistic tissues (e.g. animal and fruit models). Next, we found that while learners prefer simulation scenarios designed to incorporate non-technical skills training, the impact on knowledge and skills was negligible in the included studies. Finally, we found that the combination of two or more information sources (i.e. instructor plus video) during debriefing did not add benefit compared with a single information source (e.g. instructor alone).
Limitations and strengths
The results of our meta-analysis are limited by the quantity and quality of original articles. However, 43% of studies were RCTs, and outcomes were objectively determined in 87% of studies. Although we found ample comparisons with no intervention, the small sample of head-to-head simulation comparison studies in our analyses limited our ability to recommend key instructional design features for anaesthesiology simulationbased training. Also, we did not examine cost data as we have found previously that cost was evaluated in just 2% of all comparative studies on simulation. 100 We found large inconsistency (heterogeneity) in most analyses, most likely attributable to differences in participant groups, instructional designs, research methods, and outcome measures. Although this heterogeneity is a weakness, the breadth of our inclusion criteria is simultaneously a strength given our review covered many topics relevant to clinical anaesthesiology, and included diverse learners and contexts. We also note that the results were relatively consistent across the five anaesthesiology subtopics: regional anaesthesia, general anaesthesia, perioperative care, rare events, and CRM. Additional strengths of this review include a rigorous comprehensive literature search, duplicate review at all levels, a quantitative synthesis of a large number of published studies, and a critical analysis of potential explanations for convergent and divergent results.
Implications
This study has important implications for current practice and future research. First, we found that 'high-tech' simulators BJA Lorello et al.
(e.g. mannikins, VR simulators) do not always add value to training, with studies showing that less expensive technologies (e.g. animal models, wooden box trainers) can be used in certain instances without sacrificing educational effectiveness. We emphasize, however, that this analysis focuses on the characteristics of the simulators and not the realism of the simulation scenarios in which they were used. Future research is needed to identify the proper role and timing (if any) of 'high-tech' simulators in the curriculum.
Secondly, we found that adding non-technical skills training appears not to substantively enhance simulation-based learning. Our critical analysis suggests that measures of non-technical skill vary widely between studies and that nontechnical skills training might have been insufficiently intensive in these studies. Thus, future research might explore (i) whether a 'gold standard' assessment of non-technical skills in anaesthesia can be identified and rigorously confirmed and (ii) how to increase the intensity of non-technical skills training without prohibitively increasing time or monetary cost. Rigorous cost-effectiveness studies 100 will be essential to ensure any educational benefit is worth the added costs. 101 Thirdly, we found no benefit associated with combining instructor and video as information sources during debriefing. This finding is notable for the low inconsistency in our meta-analysis, most likely due to relatively high homogeneity in study design. Researchers may wish to follow up on potential reasons for the lack of benefit including that video-assisted debriefing may be best for experienced practitioners and that the stress of being evaluated publicly may limit its effect. We also suggest that other elements of debriefing noted in another review 102 (e.g. the effects of timing and context) warrant more research. Clearly, the anaesthesiology education community needs to continue building an evidence base that clarifies the key instructional design features for simulation-based training. Our results suggest that fruitful next steps might include studying how to prompt learners to play an active role in learning (e.g. being in the 'hot seat'), and measuring the effects of different design features beyond the initial training context by assessing long-term skill retention and transfer to the operating theatre. Until a robust evidence base has been developed, anaesthesiologist educators will need to rely on evidence from other sources to inform their instructional designs, including the broader healthcare simulation literature, 8 10 other domains in medical education, 103 104 the motor learning literature, 102 and the general education literature. 105 Very few studies measured either learner behaviours (e.g. global rating of epidural performance with a patient) or patient effects (e.g. complications associated with an epidural). Given the significant challenges that accompany patient outcomes research, 106 we suggest that it would be unwise to shift attention excessively towards behaviours and patient outcomes. However, such 'translational' research (i.e. from the simulation centre to the bedside) 107 108 serves an important role, and prudent pursuit of such outcomes would advance the field. Given the consistently moderate to large effects among 52 studies (67% of our sample) favouring simulation-based training over no intervention, we suggest that additional study of this research question is unnecessary. Notably, 28 (54%) of these papers were published during the most recent 5 yr period included in this review (2007 -2011) . Although leaders of the community acknowledge that simulation is better than no intervention, the continued publication of such studies indicates that the broader community is not sufficiently aware of these findings. We hope our findings will encourage a change in focus from proof-of-concept 'justification' studies (i.e. does simulation work?) to clarification studies (i.e. how and why does simulation work?). 109 While we agree that proof-of-concept studies comprise an important first step in a research programme, as evidence accrues the questions and research designs must evolve.
Conclusions
Overall, this review is a map of the current state of research evidence for anaesthesiology simulation-based training. Translating this map into considerations for anaesthesiology educators, our findings suggest that questions remain about when and with whom to use high-tech and low-tech simulators in anaesthesiology curricula, that training combining medical management with non-technical skills may require longer exposure than has been allotted to date, and that debriefing with multiple sources of information does not always add educational value. 
